Purpose: To characterise changes in deoxyhemoglobin ([HHb]) response dynamics in boys and girls during ramp incremental exercise to investigate whether the reduced peak oxygen uptake (peakV  O 2 ) in girls is associated with a poorer matching of muscle O 2 delivery to muscle O 2 utilisation, as evidenced by a more rapid increase in [HHb].
INTRODUCTION 1
A perplexing question in paediatric exercise physiology is the sexual dimorphism in peak oxygen 2 uptake (V  O 2 ) in pre-pubertal and pubertal children. Specifically, when normalised for body 3 mass, boys display a 10-15% greater peak V  O 2 compared to girls (3). This sex difference has 4 been attributed to changes in O 2 delivery due to an elevated peak stroke volume in the presence 5 of a comparable peak heart rate resulting in a higher peak cardiac output in boys. However, when 6 stroke volume and cardiac output are normalised using fat free mass (FFM), the sex difference 7 for cardiac measures disappears (39). Consequently, scaling for FFM (39) or muscle volume (11, 8 40) reduces the sex difference in peak V  O 2 to <5%. This has led to the notion that the higher 9 peak V  O 2 in boys is predominantly related to their greater FFM. extraction, which is considered to reflect an inadequate matching of muscle O 2 delivery to O 2 27 utilisation in the microcirculation. The increase in [HHb] during ramp exercise has been 28 characterised using a sigmoidal (8, 15, 26) or bi-linear (37) model, and used to study the effect of 29 trained status and ageing (8, 18, 26 utilisation during ramp exercise. In girls the rate of increase in [HHb] was recently shown to 37 correlate with peak V  O 2 and the gas exchange threshold (GET) (26). However, it is currently 38 unknown whether similar sex-specific impairments in the matching of muscle O 2 delivery to 39 utilisation during ramp exercise are present in children and whether this can explain, in part, the 40
The primary purpose of the present study was to characterise changes in [HHb] response 43 dynamics in boys and girls during ramp incremental exercise in order to test the hypothesis that 44 the reduced peak V  O 2 in girls is associated with a poorer matching of muscle O 2 delivery to 45 muscle O 2 utilisation, as evidenced by a more rapid increase in [HHb] .
Participants and anthropometry 48
In total, 31 boys (mean ± SD age 9.9 ± 0.3 years) and 21 girls (age 10.0 ± 0.4 years) participated 49 in this study. All children and their parent(s)/guardian(s) provided informed assent and consent 50 to partake in the project, which was approved by the institutional ethics committee. The children 51 were healthy, recreationally active, and showed no contraindications to exercise to exhaustion. 52 53 An anthropometrical evaluation was performed before the first test for all participants. Stature 54 was measured to 0.01 m using a Holtain stadiometer (Holtain, Crymych, Dyfed, UK) and body 55 mass was determined using Avery beam balance scales to 0.1 kg (Avery, Birmingham, UK). 56
Body fat percentage was determined using an air displacement plethysmograph (BodPod 2000A;  57 Life Measurement Instruments, Concord, California, US) which was initially calibrated 58 according to the manufacturer's instructions and has been validated in children (16). Lung 59 volume was measured and body fat percentage was adjusted according to Lohman's child 60 specific equation (24). Participants were asked to arrive at the laboratory in a rested and fully 61 hydrated state, at least 3 hours postprandial and to refrain from consuming caffeinated drinks in 62 the 6 hours prior to testing. 63
64

Experimental procedures 65
All tests took place on an electromagnetically braked cycle ergometer (Lode Excalibur Sport, 66
Groningen, The Netherlands), with appropriate adjustments made to the ergometer seat, 67 handlebar and pedal cranks for each participant. at near exhaustion (6). Nonetheless, the term peak V  O 2 will be used throughout to ensure 76 erroneous conclusions with regard to a maximal effort are not made. Peak work rate was defined 77 as the work rate attained at the point of test termination. 78
79
Experimental measures 80
Throughout each test, breath-by-breath gas exchange and ventilation (Metalyser 3B Cortex, 81
Biophysik, Leipzig, Germany) and heart rate (Polar S610, Polar Electro Oy, Kempele, Finland) 82
were measured and displayed online. Prior to each test, the gas analyzers were calibrated using 83 gases of known concentration and the turbine volume transducer was calibrated using a 3 L 84 syringe (Hans Rudolph, Kansas City, MO). 85
86
The oxygenation status of the right vastus lateralis muscle was monitored using a commercially 87 available NIRS system (NIRO-300; Hamamatsu Photonics K.K, Japan). This system consists of 88 an emission probe which emits four wavelengths of light (776, 826, 845 and 905 nm) and a 89 photon detector. The intensity of incident and transmitted light was recorded continuously at 2 90
Hz and used to estimate the concentration changes relative to baseline levels for oxygenated, 91 deoxygenated and total haemoglobin. The [HHb] signal was used as an indicator of fractional O 2 92 extraction within the field of interrogation (10, 15, 17). As the contribution of myoglobin to the 93 NIRS signal is currently unresolved (36) changes in [HHb] are considered to reflect the 94 combined concentration of deoxygenated haemoglobin and myoglobin. The skin was initially 95 cleaned and the probes placed in a rubber holder which was adhered to the skin at the midpoint 96 of the muscle. To ensure the holder and its probes remained stationary during exercise and to 97 minimise the interference of extraneous light with the near-infrared signal a bandage was 98 wrapped around the leg. The NIRS signal was zeroed with the participant at rest in a seated 99 position with the muscle stationary and relaxed. 100
101
Data Analysis 102
The gas exchange data were interpolated to 1 s intervals and peak V  O 2 was taken as the highest 103 10 s stationary average during the test. The GET was determined by the V-slope method (2) as 104 the point at which carbon dioxide (V  CO 2 ) production began to increase disproportionately to 105 V  O 2 as identified using purpose designed software developed using LabVIEW (National 106 Instruments, Newbury, UK). The location of the GET was confirmed using the ventilatory 107 
Statistical analyses 139
Prior to analysis, distribution normality was examined and verified using the Shapiro-Wilk test. 140 Independent samples t-tests were utilised to assess the influence of sex on the ramp test V  O 2 and 141
[HHb] responses. Equality of variances was checked using Levene's test. If significant, the equal 142 variances not assumed P-value was reported. All data are presented as means ± SD. Statistical 143 significance was accepted when P<0.05 and effect size (ES) statistics were used to detail the 144 magnitude of the observed effect using the mean difference and the pooled SD. An ES <0.2 was 145 trivial, >0.2 was small, >0.5 was medium and >0.8 was large. 146
147
Pearson correlation coefficients were used to assess the strength of relationships between the 148
[HHb] dynamics and peakV  O 2 . These correlations informed the multiple regression analyses to 149 determine the independent contribution of [HHb] kinetic parameters in explaining sex 150 differences in absolute peak V  O 2 after accounting for other potentially important predictors (e.g. 151 sex, age, body fat %). Initially, both sex and FFM were entered into the model given their strong 152 relationship with absolute peak V  O 2 (L.min -1 ) in this age group (11). Subsequently, potential 153 predictor variables were considered in a stepwise manner to determine their independent 154 contribution to predicting absolute peakV  O 2 . Inclusion into the model was accepted with a 155 significant increase in explained variance at the 0.05 level. The adequacy of the regression model 156 was examined and verified using checks for multicollinearity (variance inflation factor, 157 tolerance) and distribution normality of the residuals. 158
159
RESULTS
160
Anthropometric characteristics were similar between boys and girls (see Table 1 ).
Parameters of aerobic function 162
The physiological responses during the ramp test to exhaustion are presented in table 2. Boys 163 achieved a higher peak V  O 2 irrespective of whether expressed in absolute terms (18.0%) or 164 relative to allometrically scaled body mass (16.2%) or FFM (11.7%). This was despite no sex 165 differences in maximum heart rate. The boys achieved a higher peak work-rate at exhaustion. No 166 sex difference was identified for the GET when expressed in absolute terms or relative to peak 167 The primary purpose of the present study was to examine whether sex-specific differences in the in peak V  O 2 after adjusting for FFM, GET, and body fatness. These data, therefore, support the 223 hypothesis that the sex-difference in peak V  O 2 in 9-10 year old children is, in part, related to 224 sex-specific changes in muscle O 2 extraction dynamics during incremental exercise. 225
226
In accord with previous studies (1, 11, 13, 39), the magnitude of the sexual dimorphism in peak 227 V  O 2 of the children in the current study varied in relation to the different methods of expressing 228 peak V  O 2 . Specifically, boys demonstrated a ~ 18% higher peak V  O 2 compared to girls when 229 expressed in absolute terms, which was reduced following allometric modelling using body mass 230 (~16% difference) and FFM (~12% difference). This residual difference following normalization 231 to FFM is consistent with other studies (11, 34). For example, in a cross-sectional study 232 consisting of 248 children aged 8-11 years, Dencker and colleagues (11) found, through multiple 233 regression, girls to have a lower peak V  O 2 after accounting for differences in body composition, 234 heart size and habitual physical activity. Furthermore, previous data from our laboratory have 235 shown that after matching children for FFM, boys' maintain a ~14% higher peakV  O 2 despite no 236 sex-related differences in blood haemoglobin concentration, cardiac output and heart dimensions 237 of the ramp test. Alternatively, Murias and colleagues (27) suggested that the haemodynamic 288 response in women may be compromised due to sex-specific differences in sympathetic 289 activation limiting the re-distribution of blood flow to the contracting muscles. Unfortunately, 290 complementary data on muscle blood flow at rest or during exercise in children are not available, 291 although studies have shown micro-and macro-vascular function to be sex-independent in 292 healthy children (19, 32). Furthermore, although limited to rest and maximal exercise, our 293 laboratory has previously reported that with boys and girls of similar FFM there is no difference 294 in cardiac dimensions, stroke volume and cardiac output (43). Muscle oxidative capacity is likely 295 to be an important determinant of the muscle [HHb] response, but no data are available on sex-296 differences in muscle oxidative enzyme activates in pediatric groups. In contrast, the recovery ofmuscle PCr following exercise can be used as a non-invasive index of the muscles oxidative 298 capacity and is not sex-dependent in prepubertal children (4). Alternatively, it is plausible that 299 sex-differences in the progressive recruitment of higher-order muscle fibres during ramp exercise 300 may account for the more rapid increase in muscle [HHb] in girls. Specifically, it has been 301 shown that type II fibres with a low oxidative capacity are characterised by more rapid muscle 302 O 2 extraction kinetics at the onset of muscle contractions, presumably due to sluggish muscle O 2 303 delivery dynamics relative to muscle O 2 consumption (7, 25). While, muscle fibre recruitment 304 patterns remain to be elucidated during exercise in children, it is pertinent to note that girls are 305 characterised by slower V  O 2 kinetics during cycling exercise (14) and a greater muscle 306 metabolic perturbation (e.g. PCr breakdown) during high-intensity incremental (5) It is prudent to note certain limitations with the present study design. Specifically, although 354 chronological age of the participants in the current study is comparable with previous studies 355 (11, 39, 43) and suggests our group were pre-pubertal, this was not determined. Unfortunately, 356 the ethical considerations that surround the utilization of Tanner stages or skeletal age and the 357 inaccuracy associated with age to peak height velocity make the accurate determination of 358 maturity stage challenging. Furthermore, no central measures of bulk O 2 delivery or 359 haemoglobin were collected in the present study, although normalization by FFM has previously 360 been shown to account for differences in these parameters between the sexes (39). Habitual 361 physical activity or participation in structured sports was not measured in the current study. 362
However, after accounting for body size and cardiac dimensions, physical activity (specifically 363 vigorous physical activity) only accounts for ~ 1% of the explained variance in peak V  O 2 in pre-364 pubertal boys and girls (11). Furthermore, a recent review highlighted that there is no meaningful 365 evidence of a relationship between children's habitual physical activity and aerobic fitness asexpressed by peak V  O 2 (2), suggesting sex-differences in habitual physical activity are unlikely 367 to be a confounding factor in the current study's findings. Finally, the interpretation of the [HHb] 368 kinetics obtained by NIRS requires particular methodological considerations, including i) 369 variations in adiposity beneath the probe between boys and girls; ii) the generalizability of the 370 response dynamics from a localised area to a heterogeneous muscle and iii) the [HHb] response 371 has been shown to be influenced by muscle activation patterns (9). The absence of EMG 372 measures from the present study precludes the possibility that sex differences in muscle activity 373 may explain the altered [HHb] response from being excluded. However, it is important to 374 recognize that there were no differences in FFM between sexes in the current study and changes 375 in [HHb] were normalized to the peak value at exhaustion. Furthermore, the NIRS probe was 376 placed in the same location for all participants, minimizing regional differences. 377
378
CONCLUSION 379
In conclusion, this is the first study to utilise NIRS derived changes in the muscle [HHb] 
